We demonstrated analog memory, synaptic plasticity, and a spike-timing-dependent plasticity (STDP) function with a nanoscale titanium oxide bilayer resistive switching device with a simple fabrication process and good yield uniformity. We confirmed the multilevel conductance and analog memory characteristics as well as the uniformity and separated states for the accuracy of conductance change. Finally, STDP and a biological triple model were analyzed to demonstrate the potential of titanium oxide bilayer resistive switching device as synapses in neuromorphic devices. By developing a simple resistive switching device that can emulate a synaptic function, the unique characteristics of synapses in the brain, e.g. combined memory and computing in one synapse and adaptation to the outside environment, were successfully demonstrated in a solid state device.
Introduction
Although Von Neumann digital computers have made great progress in a short time, it is still hard to emulate the complex human brain. One of the reasons is the Von Neumann bottleneck problem, which involves the separation of the computing and memory units, resulting in low efficiency [1] . Therefore, the power consumed when digital computers emulate an animal brain such as spider or cat, is a lot greater than that of a biological brain [2] [3] [4] . In contrast, the brain enables parallel and adaptable information processing with high efficiency and low power consumption through mixed computation and memory as well as large connectivity of synapses between interconnected neurons [5] [6] [7] . It is well known that the brain can learn and function with a large number of synapses by accurately adjusting synaptic weight [8, 9] . To achieve high efficiency and low power consumption, neuromorphic devices which can emulate neuronal functions using solid state devices in very-largescale integration (VLSI) circuit were demonstrated in [3, 10] . Although the VLSI circuit can mimic the functions of synapses, it seems that the large connectivity of the synapse (∼10 14 ) which is critical for learning and memory in the animal brain is hard to achieve since a certain number of transistors are needed to emulate one synapse. Therefore, we investigated the emulation of synaptic functions in a simple resistive switching device.
Recently, the potential of resistive switching devices or memristors to function as synapses has been demonstrated [4, [11] [12] [13] [14] [15] . Neurons essentially have two-terminals, the pre-neuron and post-neuron synapse, that are similar to resistive switching devices, which have a simple metalinsulator-metal (MIM) structure composed of insulating or semiconducting materials sandwiched between two metal electrodes. Moreover, resistive switching devices have adaptable conductance that is similar to biological synaptic weight change [4, 14] . This conductance is changed through precisely regulated input pulses and by controlling the charge or flux through the device. These analog memory characteristics enable the device to mimic biological synaptic plasticity, which has an important role in learning and memory in the brain. In particular, we focused on mimicking spike-timingdependent plasticity (STDP), which is the principal synaptic learning mechanism, outperforming traditional Hebbian synaptic plasticity, for adaptation and computation in the brain. STDP is usually mimicked in electrical neuromorphic devices due to its moderately well-known mechanism and its function [16] [17] [18] [19] . STDP consists of long-term potential (LTP) and long-term depression (LTD). In the case of LTP, synapses increase their efficiency as a pre-neuron is activated momentarily before a post-neuron is activated, while synapses decrease their efficiency (LTD) as a post-neuron is activated momentarily before a pre-neuron is activated [16] [17] [18] [19] . The tunable conductance of a resistive switching device can mimic STDP by complementing the accurately designed complementary metal-oxide-semiconductor (CMOS) neuron circuits that provide proper transformative pulses [13, 14, [20] [21] [22] . The CMOS integrate and fire (I&F) neuron circuits producing various pulses by converting the timing difference ( t pre−post ) between pre-and post-neuron spikes into pulse widths [23] . The conductance of the resistive switching device is increased (LTP) and decreased (LTD) with these pulses. A schematic illustration of a synapse and the concept of using a resistive switching device as a synapse are shown in figures 1(a) and (b), respectively. To mimic the synaptic weight change, the device has to show interface switching which has easily controllable conductance. Therefore, we used a titanium oxide bilayer (solgel, ALD layer) resistive switching device to improve yield and to achieve interface resistive switching.
In this study, we investigated analog memory characteristics and synaptic plasticity functions, especially STDP, in a titanium oxide bilayer resistive switching device.
Experimental details
To mimic the STDP of a biological synapse, a Pt/Al/TiO 2−x / TiO y /W device was fabricated using a 250 nm via hole substrate with W bottom electrodes (BEs). The titanium oxide bilayer works as a progressive resistance changing medium. ∼6 nm of TiO y was deposited via atomic layer deposition (ALD) at 250
• C and ∼50 nm of sol-gel TiO x , made of titanium (IV) isopropoxide [24] , was deposited above the TiO y layer via spin-coating at room temperature. X-ray photoelectron spectroscopy (XPS) was performed to measure the oxygen concentration of two titanium oxide layers. The calculated TiO y and TiO x layer defect ratios were 0.17 and 0.23, respectively, indicating that the TiO y layer has a higher oxygen concentration than the TiO x layer. After titanium oxide deposition, the device was annealed in a furnace at 400
• C for 2 h under a nitrogen ambient. Following conventional lithography, approximately 15 nm of Al and 100 nm of Pt were deposited as top electrodes (TEs) at room temperature by RF magnetron sputtering. Subsequently, the TE was patterned via a liftoff process. A schematic diagram of the device structure is shown in figure 1(b) . Figure 2 shows the analog memory characteristic of the titanium oxide bilayer resistive switching device. The current- electric field (I -E) hysteresis is evaluated by applying a set (0 to 3 MV cm −1 ) bias (figure 2) and reset (0 to 3 MV cm −1 ) bias (inset of figure 2) .
Results and discussion
The results show multilevel conductance caused by movement of oxygen between the TiO y layer and the TiO x layer. The TiO x layer has a significantly large number of oxygen vacancies (V 2+ o ) compared to the TiO y layer; therefore, the TiO x layer is more conducting than the TiO y layer. Hence, as a positive bias is applied to the TE while the BE is grounded, oxygen ions (O 2− ) in the TiO y layer are attracted to the TiO x layer. As a result, the effective thickness of the TiO y layer is reduced (figure 2) and device conductance is increased. Conversely, as a negative bias is applied to the TE, oxygen ions move from the TiO x layer to the TiO y layer and the conductance of the device is reduced. Moreover, as the bias is applied repeatedly, more oxygen ions move between the two layers, and therefore device conductance is changed more. Consequently, the device exhibits multilevel conductance and an analog memory characteristic.
The analog characteristics of a resistive switching device have been further studied. Figure 3(a) shows conductance changes versus programming pulses. When a series of a hundred identical pulses, positive potentiating (P) pulses (4 MV cm −1 , 10 ms) and subsequent negative depressing (D) pulses (−3 MV cm −1 , 10 ms) are applied, the device conductance is progressively increased (red) and decreased (blue), respectively.
The continuous potentiating and depressing characteristics of the device are extremely useful for precisely modulating the conductance (device synaptic weight). The amount of conductance change is analyzed as a function of electric field in figure 3 (b) to demonstrate the control of conductance change to a desirable level. The graph show various E-field dependences; as the D pulse (−2.2 to −3 MV cm −1 , 10 ms) amplitudes are increased, the data show less linearity, which indicates that the linearity can be optimized by modulating the E-field. Furthermore, the graph exhibits the prior conductance state dependence of the subsequent conductance change as in the biological synaptic STDP model; prior synaptic weight states affect the subsequent weight change [25] .
Current states should be separated to distinguish the changed conductance state. Hence, the cumulative probability distribution of device conductance after P and D pulses is analyzed. Figure 4 shows the current uniformity measured 50 times at one cell with P pulses (figure 4(a), 3 MV cm −1 , 25 ms) and D pulses ( figure 4(b) , −2.2 MV cm −1 , 25 ms), as well as separated current states after 15, 25, and 35 P pulses and 5, 10, and 15 D pulses, respectively. With such separation, current and conductance states can be confirmed and modulated precisely, although further improvements are necessary to separate each conductance with just one pulse. Such tunable conductance is further analyzed in figure 5 , which shows the conductance change caused by mixed constant amplitude P (3 MV cm −1 ) and D (−2 MV cm −1 ) pulses with various pulse widths. A correlation between conductance change and applied P/D pulse widths was observed; the larger the applied pulse width, the more conductances are changed and vice versa.
These results suggest that by complementing an accurately designed CMOS neuron circuit [14, 21] , described in the introduction, a resistive switching device can mimic synapse plasticity such as STDP, as shown in figure 6 (a) and the inset (identical biological STDP and anti-STDP graph [16] [17] [18] [19] , respectively). Conductance is calculated from measured current at −1 MV cm −1 and the spike timing between preand post-neurons is estimated by pulse widths; as pulse widths are increased, the spike timing difference is increased and vice versa. The STDP graph in figure 6 (a) exhibits a decent exponential correlation between the spike timing difference and conductance change. The conductance change is normalized to the maximum conductance. Moreover, the resistive switching device enables the implementation of the biological triple interaction STDP model [26] . The interaction between two post-and one pre-neuron spike results in a frequency effect on synaptic weight change; as the frequency of the neuronal input signals (input pulses) is increased, the weight (conductance) change is also increased. Figure 6(b) shows the frequency dependence of conductance change. Conductance is calculated from the current measured from the same P (3 MV cm −1 , 10 ms) pulses and various D (−2 MV cm −1 , 50 ms to 10 ms) pulses; the frequency is estimated by D pulse widths. Conductance change is normalized to the maximum conductance. As the time intervals (T ) (shown in the inset of figure 6(b) ) between pre-neuron and post-neuron spike pairings are increased (frequency is decreased), conductance changes are lessened, indicating that the STDP triple interaction model can also be used in the device.
Conclusion
The utilization of resistive switching devices as a synapse would be useful in future neuromorphic chips due to their simple structure, ease of fabrication, and scalability for high density, as well as their analog memory properties that allow the implementation of biological synapses. In this study, we fabricated and demonstrated the potential of a titanium oxide bilayer resistive switching device as a replacement for synapses in future neuromorphic devices. The analog memory characteristics and mimicking of synaptic plasticity characteristics, e.g. synaptic weight change, STDP, and STDP triple model of the device were analyzed. Based on the results, the titanium oxide bilayer resistive switching device seems to have great potential for mimicking biological synapses. 
